Introduction
Molecular imaging, which refers to quantitative, noninvasive and repetitive imaging of targeted biomolecules and monitoring of related biological processes in living subjects, has recently attracted much attention of many researchers and clinicians in various fields. It has traditionally been categorized into two groups. The first group includes medical imaging modalities such as magnetic resonance imaging (MRI), computed tomography (CT) and ultrasound imaging, which can provide anatomical information. The other group includes positron emission tomography (PET), single photon emission CT (SPECT) and optical imaging, which can provide functional or molecular information. However, recent development in contrast agents and imaging techniques allows MRI and CT to be used in molecular imaging. The cellular functions and corresponding molecular processes could be visualized by molecular imaging [1] . Furthermore, owing to the non-invasiveness of molecular imaging, these processes can be monitored in real-time manner. Thus, molecular imaging helps diagnosis of various diseases, prediction of their prognosis and decision on suitable treatment. However, although molecular imaging has enormous potential, the concentration of most target molecules is very low. In addition, there are several intrinsic limitations of imaging modalities, including poor sensitivity (for MRI and CT), low spatial resolution (for PET), and limited penetration depth (for fluorescence imaging). Therefore, a probe with high sensitivity is required for successful imaging. To date, many researchers have reported breakthrough results in molecular imaging using nanoparticles to address these obstacles.
Owing to recent development of targeted contrast agents, including nanoparticles [2] , iodinated molecules [3] , Gd chelates [4] and fluorescent dyes [5] , specific biomarkers can be imaged using the conventional imaging modalities. Among them, nanoparticles emerged as powerful tools for molecular imaging due to their intrinsic unique magnetic or optical properties, which allows their applications to various imaging modalities, and due to long circulation time, which is advantageous for targeted delivery. Nanoparticle generally refers to a particle with a size ranging from 1 to 100 nm. Indeed, these nanostructured materials have a long history of use as contrast agents in various imaging modalities and drug delivery vehicles. Representatively, iron oxide nanoparticles have been applied as contrast agents for MRI, and their contrast effects have been improved by varying the size and composition of the nanoparticles [6, 7] . Semiconductor nanoparticles (quantum dots (QDs)) and upconversion nanoparticles (UCNPs) have been used as fluorescent probes in optical imaging due to their high quantum yield and excellent photostability compared with organic dyes [8, 9] . Since gold nanoparticles and tantalum oxide nanoparticles have higher X-ray attenuation coefficient than iodinated molecules, they have been developed as CT contrast agents [10, 11] .
To employ nanoparticles in molecular imaging, a suitable targeting ligand should be conjugated onto the surface of the nanoparticles. Because surface modification of the nanoparticles has been well developed, various targeting molecules, including antibodies, peptides and aptamers, can be readily attached using conventional bioconjugation chemistry. The targeted nanomaterials generally exhibit higher affinity to biomolecules or cells because multiple targeting ligands can be conjugated [12] . Furthermore, the function of the nanoparticles can be expanded by incorporation of various functional materials [13] . The resulting multifunctional nanoparticles enable multimodal imaging and therapy simultaneously, which is referred to as theranosis [14] . Recently, there have been numerous research activities to develop multifunctional nanomaterials to treat various diseases. The multifunctional nanomaterials are expected to lead to precise diagnosis via multimodal imaging and patient-tailored therapy by providing molecular information.
To date, various kinds of nanomaterials, such as dendrimers, liposomes, micelles and inorganic nanoparticles, have been studied for molecular imaging. For nanomaterials based on organic molecules, there are a number of excellent reviews to which the reader may refer, and this opinion piece focuses on the inorganic nanoparticles [15] [16] [17] . Herein, we firstly discuss recent efforts in nanotechnology to develop inorganic contrast agents in each imaging modality. Then, we cover several examples of multifunctional nanomaterials for multimodal imaging and theranosis. Finally, we address the future perspectives of nanomaterials in biomedicine.
Development of nanoparticles for molecular imaging
For molecular imaging, it is prerequisite to develop a suitable contrast agent with high sensitivity. Enormous progress in nanotechnology has allowed fine control of size, composition and other properties of nanoparticles. (a) Nanoparticles for magnetic resonance imaging MRI is one of the most powerful imaging tools in molecular imaging because it is a non-invasive modality providing anatomical, physiological and molecular information within living subjects. It has mainly been adapted for imaging the major organs including the brain and other parts of the central nervous system, for assessing the function of organs such as the heart and kidneys, and for detecting tumours. Owing to high resolution, unlimited penetration depth and excellent soft tissue contrast, MRI is expected to emerge as an important tool for molecular and cellular imaging. Although MRI is mainly used to obtain anatomical information about soft tissues, its sensitivity is not sufficient for molecular imaging [18] . The sensitivity of MRI can be improved using a suitable contrast agent, which can modify the relaxation times of water protons. The most commonly available MRI contrast agents are paramagnetic gadolinium complexes, such as gadolinium diethylenetriamine penta-acetic acid (Gd-DTPA). To date, they have been widely used to detect lesions in the brain such as breakage of the blood-brain barrier (BBB), changes in perfusion, vascularity and flow dynamics of the brain [19] . Since gadolinium-based contrast agents have relatively low relaxivity and a high dose of agents is required, they may cause severe side effects such as nephrogenic systemic fibrosis (NSF) [20] . In addition, it is difficult to obtain targeted MR images with high resolution owing to their intrinsic short circulation time. Although this can be overcome by conjugation of gadolinium chelates onto a macromolecule, the unexcreted ions may increase the possibility of side effects [21] . To overcome these limitations of gadolinium-based contrast agents, iron oxide-based nanomaterials have been extensively studied as a safe contrast agent [7] . It is known that administered iron oxide nanoparticles are mainly cleared by macrophages in the reticuloendothelial system (RES) and slowly degraded in lysosomes [22] . The degraded iron ions are stored as ferritin and used in various biological processes such as producing red blood cells. In addition to the excellent biocompatibility, the sensitivity of iron-based nanoparticles is much higher than that of Gd-based complexes. To date, several iron oxide nanoparticles have been approved by the US Food and Drug Administration (FDA). For example, Ferridex was used as a T 2 contrast agent for imaging liver cancer, and Resovist is also used to characterize focal liver lesions in some countries [23] . Ferumoxytol is clinically approved as an MRI contrast agent and for simultaneous treatment of iron deficiency anaemia due to the tendency to be taken up by macrophages [24] . However, the MRI contrast effect of these nanoparticles is far from optimal due to low crystallinity, relatively small size and broad size distribution.
The MRI contrast effect of nanoparticles depends on their magnetic properties, which can be controlled by changing size and composition [6] . For example, when the size of iron oxide nanoparticles is smaller than 3 nm, they exhibit a weak magnetic moment [25] ( figure 1a-c) . [25] and [27] .
Because the magnetic property of extremely small iron oxide nanoparticles (ESIONs) is similar to that of gadolinium complexes, they are appropriate to be used as T 1 contrast agents, exhibiting a low r 2 /r 1 ratio. ESIONs are advantageous due to long circulation time, which enables longterm MR imaging with high resolution. It was reported that various kinds of small blood vessels in mouse model were observed using a 3 T MRI scanner, suggesting the feasibility of ESIONs as biocompatible T 1 contrast agents. When the size of iron oxide nanoparticles exceeds 4 nm, they exhibit saturation magnetization, which increases steeply with their size [26] . Because iron oxide nanoparticles with diameters ranging from 4 to 20 nm do not show any magnetization in the absence of an external magnetic field, they are called superparamagnetic iron oxide (SPIO). If the nanoparticles are larger than 20 nm, residual magnetization exists, which is referred to as ferro-/ferrimagnetic. Since the magnetic field of an MRI scanner is sufficient to saturate the magnetization of nanoparticles, the T 2 contrast effect also increases with their size [26, 27] . While the r 1 relaxivity of gadolinium complexes is approximately 4 mM −1 s −1 and r 2 relaxivity of Ferridex is approximately 120 mM −1 s −1 , the r 2 relaxivity of ferrimagnetic iron oxide nanoparticles (FIONs) with a size of 22 nm is approximately 750 mM −1 s −1 , which is the theoretically estimated maximum r 2 relaxivity of iron oxide nanoparticles. Water-dispersible FIONs can be used for MRI of tumours owing to their long circulation time (figure 1d-f ).
The MRI contrast effect of nanoparticles can also be modulated by replacing the Fe 2+ ions at the octahedral sites of inverse spinel structure of Fe 3 O 4 with other transition metal ions such as Mn 2+ and Zn 2+ . As Mn 2+ has a similar preference for tetrahedral and octahedral sites, MnFe 2 O 4 has a mixed spinel structure. The Mn 2+ doping results in a dramatic effect that MnFe 2 O 4 nanoparticles exhibit three to six times higher contrast effect than Fe 3 O 4 nanoparticles of the same size [28] . Interestingly, because Zn 2+ ions have a tendency to locate in tetrahedral sites, Zn x Fe 2−x O 4 has a normal spinel structure exhibiting unique trends of magnetic moments dependent on zinc ratio. The Zn 2+ ions are initially substituted for Fe 2+ ions, but antiferromagnetic interaction of Fe 3+ at nearby octahedral sites occurs at high Zn doping level. Thus, the net magnetic moment of Zn x Fe 2−x O 4 nanoparticles reaches a maximum when x = 0.4, and the T 2 contrast effect is also highest at this composition [29] . Moreover, the addition of Gd 3+ ions into iron oxide nanoparticles enhances the T 1 contrast effect owing to the increased interactions between Gd 3+ ions and water protons [30] .
For more accurate diagnosis, it is desirable for the contrast agents to respond to various stimuli such as temperature, pH and enzymes. Although it is shown that conformational changes of Gd complexes in response to stimuli results in T 1 MRI signal alteration [31] [32] [33] , there are scarce reports on stimuli-responsive contrast agents based on nanoparticles for in vivo MRI. The Hyeon group reported that controlled assembly of ESIONs within functional polymers can alter MRI signals [34] . When aggregated, a strong T 2 contrast effect prevents T 1 contrast effect. In acidic condition, ESIONs are disaggregated, and the T 1 contrast effect is recovered, which allows one to diagnose heterogeneous tumours.
(b) Nanoparticles for computed tomography CT is one of the most commonly used non-invasive imaging modalities due to its high spatial resolution, wide availability, rapid image acquisition and low cost [35] . The imaging principle of CT is based on X-ray attenuation of human body or contrast agents. An irradiated X-ray beam is absorbed or scattered by the tissues or contrast agents, and the reduced X-ray intensity is measured by a detector at different angles. Reconstruction of X-ray intensity profiles allows one to acquire three-dimensional whole-body images with very high spatial resolution.
However, because X-ray attenuation depends on mass density and atomic number, the sensitivity of CT is so low that subtle changes of soft tissues are almost impossible to detect. Therefore, contrast agents are essential to acquire high-quality CT images in a region of interest. Barium sulfate suspensions and iodinated compounds are representative CT contrast agents in clinics due to their high atomic numbers [36] . Currently, the usage of barium sulfate suspensions is limited to imaging the gastrointestinal tract via oral administration owing to the inherent toxicity of Ba 2+ ions. Iodinated compounds, including Iopamidol, and Iodixanol, are used as injectable CT contrast agents. However, the application of the iodinated agents is also limited owing to their short circulation time, high osmolality and high viscosity. In addition, CT can detect at least micromolar concentrations of these contrast agents, which is too high to be used in molecular imaging [18] .
To overcome the limitations of current CT contrast agents, nano-sized iodinated contrast agents have been introduced [35] . These include micellar, polymeric and liposomal contrast agents. Because the nano-sized contrast agents can evade renal filtration, they exhibit a long circulation time, which is essential for molecular imaging. However, the K-edge energy level of iodine is much lower than the energy of X-ray photons used in CT [37] . Thus, for more sensitive CT imaging, contrast agents based on heavy elements are required.
Among the high-Z elements, gold nanomaterials such as spheres, rods, shells and cages have also been studied due to their excellent biocompatibility and facile synthesis [38, 39] . Since the gold nanoparticles have K-edge energy level of 80.7 keV, they generally exhibit better CT contrast effect than iodine-based contrast agents [37] . Furthermore, X-ray attenuation of gold is less affected by environments such as the presence of water and calcium phosphate compared with iodinated contrast agents, because gold interacts mainly with high-energy X-ray photons [40] . Gold nanoparticles with a size of 1.9 nm from Nanoprobes Inc. were initially studied as an X-ray imaging contrast agent [11] . After intravenous administration, the long circulation time and high X-ray attenuation of gold nanoparticles allowed clear imaging of tumour and blood vessels less than 100 µm in diameter. Later, polyethylene glycol (PEG)-coated gold nanoparticles with a size of approximately 30 nm were developed [41] (figure 2a). The nanoparticles accumulate in RES-rich organs and provide the delineation between normal liver and hepatoma (figure 2b). In addition to spherical gold nanoparticles, various shapes of gold nanomaterials have been proposed for multifunctional CT contrast agents. For instance, gold nanorods can be used as theranostic agents for simultaneous photothermal therapy (PTT) and CT due to their strong extinction in the nearinfrared (NIR) region [42] . In addition, there have been efforts to develop multifunctional CT contrast agents via conjugating various functional molecules such as targeting ligands, peptides and Raman reporters on the gold nanomaterials [2, 43] . Although gold nanomaterials are attractive materials as CT contrast agents, they are too expensive to be used in clinics. In fact, approximately 50 g of gold should be consumed for a human whole-body scanning session, making it hard to be commercialized in the market [37] . Thus, there have been attempts to find other cheaper alternatives. For example, lanthanides have been proposed as CT contrast agents because gadolinium complexes have been used as MRI contrast agents in clinics [36] . However, the lanthanide-based molecules exhibit a short circulation time, which prevents targeted imaging. Subsequently, to increase circulation time, macromolecule-conjugated lanthanide chelates have been studied [44] . Dysprosium-DTPAdextran with a size of approximately 10 nm enables enhanced CT imaging of liver tumours and blood vessels. In addition, emulsions containing lanthanide ions and lanthanide-based inorganic nanoparticles have also been investigated as multifunctional CT contrast agents [45, 46] .
Tantalum is one of the ideal elements as CT contrast agents owing to its high biocompatibility and radiopacity. In clinics, tantalum-based stents and implants are used frequently. Tantalum oxide nanoparticles can be prepared via sol-gel reaction of tantalum ethoxide followed by facile functionalization with various silane agents [10, 47] (figure 2c). Because the synthetic procedure of tantalum oxide nanoparticles is similar to that of silica nanoparticles, various multifunctional nanomaterials can be prepared. For instance, PEG-coated tantalum oxide nanoparticles exhibit very long circulation time (figure 2d). In addition to tantalum, bismuth-or tungsten-based nanoparticles were also studied as nano-sized CT contrast agents [48, 49] . Although further study on the long-term effects of these nanomaterials is required for clinical translation, it is expected that they can overcome the limitation of currently available iodine-based CT contrast agents. . Reproduced with permission from [8] and [61] .
(c) Nanoparticles for optical imaging
spatial resolution, optical imaging can provide real-time images with high resolution. Since subcellular phenomena can be captured only by optical microscopy, optical imaging has been vigorously studied to understand the behaviour of various nanomaterials in living subjects [50] . For instance, optical imaging enables one to observe the interactions between nanoparticles and various kinds of cells, including immune cells [51] . Currently, various fluorescent dyes are extensively used as optical imaging probes. However, in vivo optical imaging has been hampered by short penetration depth in tissue and background signals caused by light scattering. Many advances of optical imaging probes and techniques have been made to maximize penetration depths and minimize background signals by employing NIR light and/or anti-Stokes imaging [52] . Furthermore, photobleaching and the limited absorption coefficient of fluorescent dyes can also be overcome by developing nanoparticle-based optical probes. QDs represent various kinds of fluorescent semiconductor nanoparticles exhibiting unique optical and electronic properties that differ from those of their bulk states due to the quantum confinement effect [53] . Their emission wavelength can be easily tuned by varying their size. They exhibit excellent optical characteristics including high quantum yield, absorption coefficient and photostability, enabling long-term fluorescence imaging without photobleaching. Furthermore, the high multi-photon absorption coefficient of QDs allows high-resolution fluorescence imaging by reducing out-of-focus excitation. However, because the initially developed QDs contain toxic elements such as cadmium, there have been great concerns about their safety [54] . To address this issue, cadmium-free QDs have been developed as non-toxic fluorescence probes. For example, manganese-doped ZnS (ZnS:Mn) nanoparticles have been exploited in multi-photon fluorescence imaging [8] ( figure 3a) . The large three-photon cross-section of ZnS:Mn allows high-resolution in vivo tumour-targeted imaging because of the deep tissue penetration of 920 nm NIR laser light (figure 3b). To further enhance penetration depth, the second near-infrared (NIR-II) region (1000-1700 nm) has also been studied as an optical window. To date, QDs, such as Ag 2 S and Ag 2 Se, and carbon nanotubes have been applied for NIR-II imaging through a single-photon process [55] [56] [57] . Although the aforementioned multi-photon imaging has enormous potential, its efficiency is generally low because it depends on a virtual intermediate state. In this regard, UCNPs are attractive luminescence imaging probes owing to their high efficiency [58] . Upconversion is a unique mechanism of the anti-Stokes emission processes, where multiple low-energy photons are absorbed through a real electronic intermediate state, and subsequently a high-energy photon is emitted. Owing to its high efficiency, a UCNP does not require a high-power pulsed laser. In addition, light scattered by tissue can be removed using time-gated imaging because of the long luminescence lifetime [59] . While the wavelength of QDs depends on their size, the optical properties of UCNPs is dependent on the energy levels of individual lanthanide elements. Thus, the emission wavelengths can be tuned by controlling the elemental composition of UCNPs and luminescence resonance energy transfer, allowing multiplex imaging by different emission colours and lifetimes [60, 61] (figure 3d-f ) . In addition, as lanthanide materials have been investigated as MRI or CT contrast agents, lanthanide-based UCNPs can be developed as a multimodal imaging agent [9, 62] . Thus, their application will be widened in molecular imaging if several issues such as biosafety are clearly addressed.
(d) Nanoparticles for positron emission tomography
Since the 1970s, PET has emerged as a clinical modality with the advantages of extremely high sensitivity, unlimited penetration depth and availability of quantitative analysis [63] . It is based on visualizing and quantifying positron-emitting radionuclides in living subjects. Annihilation of the emitted positron with a nearby electron leads to generation of two 511 keV photons, which can be detected by PET scanners. Positron-emitting isotopes including 11 C, 13 N, 15 O, 18 F, 44 Sc, 62 Cu, 64 Cu, 68 Ga, 72 As, 76 Br, 82 Rb, 86 Y, 89 Zr and 124 I are routinely used for PET. Since the PET scanner has outstanding sensitivity and photons display excellent tissue-penetrating properties, it is possible to detect even picomolar concentration of isotopes in deep tissues. This distinguished sensitivity allows us to exploit PET to acquire quantitative information about the biodistribution of injected drugs or nanoparticles, and their accumulation at the target site. Thus, PET has been widely used in various fields including oncology [63] , atherosclerosis [64] and cell tracking [65] . Unlike other imaging modalities, the role of nanoparticles in PET imaging is marginal because the positron emission and gamma ray generation occur at the atomic level. Thus, most radiolabelled nanoparticles have been developed for the hybrid/multimodal imaging. To overcome the intrinsic limitations such as lack of anatomical information and low resolution, hybrid imaging modalities such as PET/CT and PET/MRI have been developed.
Among the various PET probes, radioisotope-substituted small molecules such as 18 Ffluorodeoxyglucose have been used to monitor biological phenomena such as glucose metabolism [66] . On the other hand, metallo-radioisotopes are typically protected by chelates such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetric acid (DOTA), 2-[bis [2- [bis(carboxymethyl)amino]ethyl]amino]acetic acid (DTPA) and hydrazinonicotinic acid (HYNIC) [67] . However, detachment of radioisotopes from the chelator can lead to error in imaging. To address this issue, chelator-free syntheses of PET agents have been proposed. One of the radiolabelling synthesis strategies is addition of radioactive precursors during the synthesis of nanoparticles [68] . Although this method gives a very stable PET agent, generation of radioactive waste and long reaction time limit the wide application of this process. Thus, post-synthesis labelling has also been proposed for fast and efficient labelling of various radioisotopes [69, 70] (figure 4).
Among various applications of PET with radiolabelled nanoparticles, the quantitative study of tumour-targeted drug delivery is one of the main applications. For instance, the efficacy of tumour-targeting moieties such as arginine-glycine-aspartic acid (RGD) has been investigated via radiolabelled PET probes [71] . Besides, PET imaging has also been employed in studying inflammatory reactions. Despite numerous potential applications of PET imaging, there are still many challenges to be solved, including inherent toxicity of radioisotopes, improved pharmacokinetics and complete clearance from the body. 
Multifunctional nanoparticles for multimodal molecular imaging and theranosis
Facile modification of nanoparticles allows one to develop multifunctional nanoparticles [13] . While a traditional molecular contrast agent can be detected by a single imaging modality, multifunctional nanoparticles enable multimodal imaging. Simultaneously, the nanoparticles can be used as therapeutic agents via employing their unique physical properties or endowing them with drug delivery capability. Multifunctional nanoparticles not only increase the accuracy of diagnosis but also reduce the side effects of drugs. The multifunctionality can be achieved by combining different types of nanomaterials, functional molecules and targeting agents. In this section, we will briefly introduce several recent examples of multifunctional nanoparticles for multimodal imaging and theranosis.
(a) Nanoparticles for multimodal imaging
Because each imaging modality has its own strengths and weaknesses, multimodal imaging is required to increase the accuracy of diagnosis by obtaining complementary information from each imaging modality. Indeed, some nanoparticles have intrinsic properties suitable for several imaging modalities. For instance, Gd 2 O 3 nanoparticles can be used for MRI and CT imaging owing to their high X-ray attenuation coefficient and large number of unpaired electrons of the gadolinium ion [72] . Lanthanide-based UCNPs have been studied for multimodal imaging agents including MRI and optical imaging [73] . The unique optical property of gold nanoparticles allows photoacoustic tomography (PAT) as well as CT [74] . The most general method to prepare multifunctional nanoparticles is the conjugation of functional molecules. For example, iron oxide nanoparticles conjugated with optical or radioisotopes have been exploited for multimodal imaging including MRI/optical imaging or MRI/nuclear imaging [75, 76] . The contrast effect can be controlled either by assembly of nanoparticles or by formation of core/shell structures. For example, assembly of multiple iron oxide nanoparticles on the surface of silica nanoparticles enhances the T 2 MRI contrast effect [77] . Although the sensitivity of MRI can be enhanced by contrast agents, it can be affected by several artefacts such as calcification, Mn-MOF Reproduced with permission from [78] and [80] .
blood clots and air bubbles. However, this can be overcome by self-confirmation using T 1 -T 2 dual-mode MRI contrast agents, which can be prepared by controlling the thickness of the silica layer between the magnetic nanoparticle and the paramagnetic shell [78] (figure 5a-d).
Since each imaging modality has different sensitivity, the ratio of related contrast agents should be optimized so that they can be detected by any modality. This is critical when preparing contrast agents for CT, which requires very high dose. For example, gadolinium complexes can be used for MRI and CT. However, because too high concentration of T 1 contrast agent suppresses its contrast effect, simultaneous imaging of MRI and CT using gadolinium chelates is almost impossible [79] . To address this limitation, Fe 3 O 4 /TaO x core/shell nanoparticles and gold nanoparticles coated with gadolinium chelates are proposed [80, 81] (figure 5e). These multifunctional imaging agents clearly delineate tumour-associated vessels and tumour microenvironment.
(b) Nanoparticles for theranosis
While traditional imaging and therapeutic agents generally perform a single role, synergistically integrated nanoparticles can be used for simultaneous therapy and diagnosis [14] . There are two approaches for therapeutic applications of nanoparticles. The first is to use intrinsic properties of nanoparticles. For example, magnetic nanoparticles generate heat under an alternating external magnetic field to induce cell death, referred to as magnetic hyperthermia [82] . On the other hand, gold nanostructures including gold nanorods [42] , nanoshells [83] and nanocages [84] are employed in PTT, which involves NIR irradiation to induce thermal damage to tumour cells [85] ( figure 6a-c) . The efficiency of magnetic hyperthermia is significantly enhanced by controlling the size, composition and structure of nanoparticles [86] . Apart from gold nanoparticles, various nanomaterials such as carbon nanotubes [87] , graphene [88] and CuS [89] nanoparticles can efficiently convert absorbed NIR light into heat. In addition to heat generation, carbon-or titaniabased nanomaterials can generate reactive oxygen species (ROS), which destroy cancer cells and blood vessels around a tumour [90] [91] [92] (figure 6d-g ).
The second approach is to use nanoparticles as delivery vehicles. Owing to their long circulation time and targeting capability, nanoparticles increase delivery efficiency and decrease the side effects of the free drug such as non-specific distribution. Nanoparticles can be developed as a delivery carrier simply by conjugation of therapeutic agents on the surface of the nanoparticles. For example, QD-aptamer-doxorubicin conjugates are used for intracellular drug delivery and synchronous fluorescence imaging [93] . To increase the therapeutic effect, cleavable linkers such as disulfide bond are often used [94] . However, because the conjugated molecules are exposed, they can be degraded prior to reaching the target site. Because pores can protect the therapeutic cargoes, mesoporous silica nanoparticles with high porosity and large surface area have been used as a drug delivery vehicle [95] . Owing to facile functionalization with Reproduced with permission from [85] and [92] .
silane agents, various functional moieties including fluorescent dyes and nanoparticles are readily incorporated into the mesoporous silica nanoparticles. For example, core/shell nanoparticles, which are composed of a single iron oxide nanoparticle core and a dye-doped mesoporous silica shell, have been used not only as magnetic resonance and fluorescence imaging agents, but also as a drug delivery vehicle [96] . In addition, drug release can be controlled either via grafting stimuliresponsive functional groups or via inducing supramolecular change of gatekeeper groups [97] . In addition to mesoporous silica nanoparticles, polymers have been developed as delivery carriers for a long time. Although the polymer itself does not have imaging capability, incorporation of nanoparticles allows one to monitor its delivery. Since a number of nanoparticles prepared via thermal decomposition method are hydrophobic, they can be easily incorporated within hydrophobic polymers such as poly(lactic-co-glycolic) acid (PLGA) [98] . These two approaches are sometimes combined, resulting in synergetic therapeutic effect. For example, photodynamic therapy (PDT) uses light-sensitive photosensitizers to generate ROS. However, most photosensitizers absorb visible light, but its penetration depth is limited. Because nanoparticles can emit visible light through a multi-photon or upconversion process, a deep penetrating NIR light can be used in PDT [9] . In addition, mild heat generation by nanoparticles increases permeability of tumour vessels, which also enhances the delivery efficiency of drugs [99] .
Conclusion and outlook
Over the past few years, molecular imaging has been used for many clinical purposes, including quantitative and non-invasive disease diagnosis, disease staging, and visualization and quantification of biological processes. Since each imaging modality has its own pros and cons, combining different imaging modalities enables more accurate diagnosis. Using the various imaging modalities, early-stage diagnosis, prognosis and even therapeutics of various diseases are readily possible. Nanotechnology has had a lot of influence on molecular imaging as a tool kit, providing additional functionality such as detailed molecular information. Various kinds of functional nanomaterials have been investigated for molecular imaging applications. The novel properties of nanoparticles enable molecular imaging to have high resolution and sensitivity. Compared with small molecule-based contrast agents, nanoparticles exhibit excellent biodistribution, long circulation time and other various functions. Furthermore, multifunctional nanomaterials can serve as multimodal imaging agents or theranostic agents.
Nevertheless, clinical translation of nanomaterials has been much slower than that of small molecule-based materials. Many critical challenges, including toxicity, biocompatibility, targeting efficacy and long-term stability of nanoparticles, should be addressed for their clinical translation. Above all, long-term toxicological studies of nanomaterials in large animal models are highly desirable. Since non-human primates exhibit a high degree of similarity to humans in morphology, physiological function and genetic characteristics, they are expected to play a significant role in evaluating suitability of nanomaterials for biomedical application. Unprecedented side effects on non-human primates after administration of nanomaterials should be investigated before their clinical translation. Moreover, it is also important to choose the most suitable nanomaterials and imaging modalities to obtain desired information. If necessary, multimodal imaging and theranosis should be employed by combining different kinds of nanomaterials. The sustainable development of nanotechnology in molecular imaging is expected to drive the next generation of diagnosis and therapy of diseases in the future. 
